The membrane Na", K' , ATPase is considered by most auof preterm infants and adults as a measurement of their thorities to be the pharmacologic receptor for digitalis glycosides Na+, K+, ATPase enzyme system. In neonates, total uptake (7). By specifically inhibiting this enzyme, higher intracellular (0.92 2 0.13 pg/106 cells) and specific uptake (0.64 f concentrations of sodium are achieved; exchange of increased 0.076 pg/106 cells) were significantly higher than in adults amounts of sodium with more extracellular calcium results in (0.52 f 0.1 and 0.29 2 0.06 pg/106 cells, respectively; p < increased cardiac ionotrophy (8). However, the mechanism of 0.025). The percentage of specific uptake from total uptake action of digitalis in increasing cardiac inotrophy is still largely was higher in infants (73.3 2 2.3%) than in adults (57.9 f conjectural.
RBC, red blood cells
turity, suspected sepsis, or respiratory distress syndrome. Twelve healthy adult volunteers served as a second group for the 86Rb Bmax, total specific uptake capacity uptake studies.
Clinical studies. At the day of the study 1-ml heparinized blood samples were drawn from an existing intravenous indwellDespite continuous controversy over their clinical efficacy, ing catheter for 86Rb uptake studies. Electrolytes and creatinine digitalis glycosides are still one of the most commonly prescribed were determined in the serum and in 6-8 h urine collection. group of drugs (1) . In infants and children, only a few controlled Creatinine clearance and fractional excretion of sodium and studies assessed the effect of digoxin in heart failure associated potassium were determined using standard methods. In each with congenital heart defects, and their results are inconclusive infant, potassium intake was calculated for the 2 days before the (2) . Pharmacokinetic analysis has revealed that infants and chil-study and during the day of the study. dren need higher doses per kg of digoxin than adults to achieve 86Rb uptake studies. For the uptake assay of Rb in RBC the comparable serum concentrations due to faster clearance rates method described by Aronson et al. (1 1) was used with some (3). However, in some cases these differences are minimized by modifications. calculation of dose according to surface area.
Erythrocytes were separated by centrifugation and washed The hypothesis that the immature organism is less sensitive to three times in a potassium-free Ringer solution. Subsequently, digoxin than the adult, both in terms of pharmacologic and they were diluted 1:3 with potassium-free Ringer solution and toxicologic effects, has been based on animal studies (4-6) but 100 ml of this solution was incubated with ouabain (concentranever proven in infants and children.
tions between 0-50 ng/ml) in a total volume of 300 fi1 at 37" C for 2 h.
Received July 27, 1987; accepted December 14, 1987. At the end of this step, 100 pl of K-free Ringer solution At the end of the incubation 50-pl aliquots were added in duplicate to a conical 1.5 ml tube in which 0.8 ml 110 mM MgCl, was layered over 0.6 ml dibutyl phtalate. The tubes were centrifuged for 20 s at low speed (2,000 rpm) and for 40 s at high speed (10,000 rpm). The supernatant was aspirated and then the bottom of the tubes, with the RBC, was cut and transferred into scintillation vials containing 1 ml of isopropano1:toluene 1: 1. After 30 min, 15 ml of scintillation cocktail (Hionic-fluor) was added and the vials were counted in a Beckman Counter for 2 min. The uptake is expressed as pg Rb/106 cells. The RBC were counted in a Coulter counter using the working RBC solution.
Calculations. Specific uptake of 86Rb was determined as a total uptake minus uptake in the presence of excess ouabain (50 ng/ ml). Preliminary studies revealed that uptake in the presence of 50 ng/ml ouabain is similar to uptake in the presence of 1 pg/ ml of ouabain. Figure 1 shows a typical curve of specific 86Rb uptake versus concentration of ouabain. Each curve was fitted to an exponential term using the MACRT computer program (Tesseract Educational Systems Ltd). From this curve the affinity constant of ouabain to 86Rb was calculated (concentration of ouabain at which 50% of specific 86Rb uptake is inhibited). In addition, the total specific uptake capacity of 86Rb (Bmax) was derived. Total (specific plus nonspecific) 86Rb uptake was calculated as uptake in the absence of ouabain.
Correlation between different parameters (see "Results") were studied using the MACFIT program. Both linear and nonlinear equations were tested. Differences between means of two groups were compared by Student's t test for unpaired results. Differences between means of more than two groups were compared by analysis of variance and Duncan's multiple range test. Results are expressed as mean + SEM.
RESULTS
Total 86Rb uptake was significantly higher in infants (0.92 + 0.132 pg/106 cells) than in adults (0.52 + 0.1 pg/106 cells) ( p < 0.05). Similarly, specific 86Rb uptake was significantly higher in the infants (0.64 f 0.076 pg/106 cells and 0.29 f 0.06 1, respectively, p < 0.025). The percentage of specific uptake from the total uptake was higher in infants (73.3 + 2.3 versus 57.9 a 4.6%, p < 0.005). No differences were found in the affinity constant of 86Rb uptake (Kd) between adults (4.3 5 0.67 ng/ml) and infants (4.85 k 0.48 ng/ml). Within the neonatal group, no correlation could be found between gestational or postconceptual age and 86Rb total of specific uptake.
In order to study a possible association between 86Rb uptake and serum potassium concentrations, we stratified the neonates into two groups, with an arbitrary cutting point of 5.4 mEq/liter.
[Ouabain] (ng 1 rnL) (Table 1 ). Significant positive correlation existed between serum potassium concentrations and daily excretion of K+ (Fig. 3 ) and between daily potassium intake and urinary excretion of the cation (Fig. 4) . No correlation could be found between serum potassium concentrations and fractional excretion of potassium or sodium. DISCUSSION A variety of animal studies has documented less sensitivity of the newborn to digitalis when compared to adults (4, 5, 12) . Achieving either clinical or toxic effects of digitalis requires larger doses of the glycosides in the immature animal. Such discrepancy can be partially explained by a higher clearance rate of digoxin during development; however, in several studies the lesser sensitivity to the glycoside could be demonstrated even when serum concentrations were maintained at similar levels in young and adult animals (4) . No such studies are available in humans and it is highly questionable whether higher doses are needed in infants to achieve a clinical response. Fig. 4 . Correlation between daily potassium intake in days 0-2 before the study and urinary excretion of the cation.
Although the membrane Na' , K' , ATPase is generally accepted as the cardiac pharmacologic receptor of digitalis (7), several inconsistencies have been recognized in recent years. For example, positive ionotrophy could be shown to persist long after measurable inhibition of Na', K' , ATPase has subsided (8) . This points to the fact that the true mechanism of digoxin's positive inotropic effect is still largely unknown. By measuring Na+, K' , ATPase activity in a peripheral cell such as the erythrocyte, one makes the assumption that this receptor represents the events occurring at the same receptor in the cardiac muscle. Several human studies in the last decade could show a significant positive correlation between inhibition of erythrocyte Na' , K' , ATPase and digoxin serum concentrations (1 1) as well as changes in systolic time interval (10) .
Our results indicate a significantly higher 86Rb uptake by erythrocytes of preterm infants when compared to adults. Both the total binding and the specific (ouabain inhibitable) binding are higher in the preterm infant. A higher binding capacity of the digitalis receptor may mean that more molecules of the glycoside are needed to cause a pharmacologic or toxic effect. These data agree with previous animal and human studies (1 3-15) that investigated umbilical cord blood without mentioning gestational age. Similar to our results, Kelly et al. (13) could not detect a significantly different affinity in the 86Rb uptake of infants' erythrocytes when compared to their mothers. The same group, in another study, reported different dissociation constants for infants and adults (15) . This time, the adults had a significantly lower value when compared to the neonates. The differences in results among Kelly et al. (13) and ours, on the one hand, to Kearins et al. (1 5), on the other hand, may be attributed to the different methods used. Similar to our data Kelly et al.
(1 3) studied 86Rb uptake whereas Kearin et al. (1 5) report on the binding of tritiated ouabain to cell membranes. Presently, it is not known whether the presence of fetal hemoglobin in neonates affect rubidium uptake, and thus yielding differences between 86Rb uptake and membrane ATPase studies.
In an attempt to identify possible determinants of higher density of Na' , K+, ATPase we stratified our infants according to their serum potassium and showed that preterm infants with serum potassium above 5.7 mEq/liter had significantly higher specific 86Rb uptake when compared to normokalemic infants. Both groups of infants had higher 86Rb uptake than healthy adults.
Our hyperkalemic infants received significantly more potassium than the normokalemic. It is possible that the sustained hyperkalemia results in up-regulation of the receptor as well as other potassium pumps in a compensatory effort to lower serum potassium levels.
It is possible that preterm infants are different from the full term in the Na' , K', ATPase density. Other studies in the newborn infant (13, 15) did not specify maturity of potassium levels. Moreover, these authors did not correct their assay for cell numbers and/or hematocrit, but rather used a given volume of washed RBC. The newborn is known to have a larger mean corpuscular volume and larger surface area (16) than the adult, and this may partially account for higher Bmax when compared to adults.
In contradiction to animal studies, the notion that infants are less sensitive to digoxin effects and toxicity has not been proven. In most cases, infants with congestive heart failure are not treated only by digitalis; it is therefore difficult to directly assess the effect of the glycoside. In a study where only digoxin was used, about 50% of infants and small children with ventricular septa1 defect appeared to improve clinically with digoxin serum levels of 1.5 ng/ml (2) . Inhibition of erythrocyte 86Rb uptake did not differ between responders and nonresponders.
Our preliminary observation of possible effect of hyperkalemia on 86Rb uptake calls for controlled animal studies where different levels of hyperkalemia will be induced through increased intake of the cation. In addition, it would be important to compare under the same conditions newborn infants of various gestational ages in order to assess the developmental aspects of this receptor. Finally, more studies are needed in infants and children to correlate positive ionotrophism with the degree of inhibition of Naf, K+, ATPase at a peripheral cell such as the erythrocyte.
